

formic a cap on said second layer of sacrificial material, said cap forming a sealed 
cavity containing said microstructure and said first and said second sacrificial layers; 
forming oVe or more holes in said sealed cavity, said holes being restricted to an area 
of said sealed cavity not directly above said microstructure; 
introducing oWgen plasma into said sealed cavity through said one or more holes 
using a barrel ercher, said structural material and said sacrificial material having a 
high etch rate differential with respect to said oxygen plasma, such that said sacrificial 
material is removeot and — < 
sealing said one or mVe holes in said sealed cavity. 
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REMARKS 

The Examiner has objected to amended Claim 1 , line 7, for containing a period. 
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thereby making the claim more than one sentence. Li response, the Applicant has o 
modified Claim 1 to remove the period from line 7 and has replaced it with a semicolon 
to put the claim in proper form. 

The Examiner has rejected Claims 1-3, 21 and 22 under 35 U.S.C. § 103(a) as 
being unpatentable over Muller, et al., Seefeldt, et al. and Mitchell, et al. The Examiner 
states that Muller teaches the steps of the claimed invention, except that Muller does not 
teach whether or not the etchant is liquid or non liquid. Muller teaches the use of 
hydrofluoric acid, a liquid which is introduced into the sealed cavity through one or more 
holes to etch the sacrificial material. Likewise, Seefeldt discloses the use of hydrofluoric 
acid vapor, which is introduced through holes for the same purpose. In response, the 
Applicant has modified Claim 1 to specify that the etchant be limited to oxygen plasma. 
This distinguishes the invention as claimed firom both Muller and Seefeldt in this respect. 

The Examiner also states that Mitchell specifies the use of a barrel reactor for 
introduction of a fluorine-containing etchant. However, no combination of Mitchell, 
Muller and Seefeldt discloses the use of an oxygen plasma etchant with a barrel etcher. 
The Applicant believes that the use of the barrel etcher renders the invention patentably 
distinct firom the three cited references because of the time needed to successfiilly etch 
large portions of sacrificial material using the oxygen plasma through the holes in the 
cap. 

The Examiner has rejected Claims 1-3, 21 and 22 under 35 U.S.C. § 103(a) as 
being unpatentable over Muller in view of Yao. The Applicant met with the Examiner on 
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July 8, 2002 to discuss the patentability of the invention and wishes to thank the 
Examiner for his time. It was agreed during this meeting that the introduction of 
evidence showing that the use of a dry etchant, specifically oxygen plasma, to etch the 
sacrificial material and release an encapsulated MEMS device was not conventional 
wisdom at the time of the invention would overcome the rejections wherein Yao is 
concerned. The Applicant submits that the use of a plasma etching agent for this purpose 
was not conventional wisdom at the time of the invention because the etch rates in a 
confined area, such as in an encapsulated cavity, are extremely low when a non-liquid 
etchant is used, resulting in the very long etch times. The low etch rates are the result of 
the small aspect ratio vias which must be used when releasing encapsulated MEMS 
devices, which require the etching of a relatively large area through very small openings. 
The difficulty arises because of the problem of removing etch by-products from the etch 
passage and introducing fresh etchant into the areas to be etched. 

In support of this position, the Applicant has attached hereto the following 
evidence. In Appendix A, the Applicant has attached an article entitled Selective, Deep 
Si Trench Etching with Dimensional Control, Shul, et al, SPIE Conference on 
Micromachining and Microfabrication Process Technology IV (1998). A section of this 
reference beginning on page 257 and labeled "3.3 Aspect ratio dependent etching 
(ARDE)" shows that the smaller the aspect ratio, the more difficult it is to etch tunnels in 
a sacrificial material of any great length. The article states: "The difference [in the two 
examples shown] in etch depth is attributed to transport of reactants and etch products 
into and out of the trenches. As lateral dimensions decrease or the etch depths increase, it 
becomes more difficult for the reactive etch species to reach the bottom of the trench and 
more difficult for etch products to be removed." Thus, the problem of etching long 
distances utilizing small entry holes was well recognized as of the writing of this article 
in 1998, and conventional wisdom at the time was to use liquid etchants to etch 
encapsulated devices, especially if the etching of the device was to be commercially 
feasible. Also, it can be seen firom Figure 8 that etch rate drops off precipitously for 
smaller via diameters. The graph shows etch via diameters from 0-3000 /iM. The 
Applicant is etching large areas through holes as small as .5 /iM in diameter. Thus, this 
reference teaches away from the use of a plasma etchant and supports the Applicant's 
position that conventional wisdom at the time of the invention was away from plasma 
etchants in favor of liquid etchants. 

A similar result is provided by the article in Appendix B, attached hereto, entitled 
Advanced Silicon Trench Etching in MEMS Applications ^ Kiihl, et al., SPIE Conference 
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on Micromachining and Microfabrication Process Technology IVflp98). Section 2.4 of 
this reference, entitled "2.4 hiterdependence between etch rate and geometrical 
openings," starting on page 99, discusses the interdependence between etch rate and the 
size of via openings, showing that the smaller the aspect ratio of the tunnel being etched, 
the longer the etch time. The graph shown in Figure 4 shows etchings between 
approximately 1 and 1 2 ^lM in diameter, with etch rates dropping off precipitously with 
via diameters of around 1 /xM. As previously stated, the Applicant is etching through 
holes approximately .5 [iM in diameter. Holes of this size were not even considered in the 
studies because of the extremely low etch rates. 

Also attached hereto in Appendix C, is the Affidavit of Dr. L. Richard Carley. 
Dr. Carley is a recognized expert in the field of MEMS, having a doctorate in Electrical 
Engineering and Computer Science fi-om M.I.T. and having worked in the MEMS field 
for at least eight years in his capacity as a Professor in the Electrical Engineering 
Department of Carnegie Mellon University, Pittsburgh, and as Chief Executive Officer 
and Chief Technology Officer of IC Mechanics, Inc. of 425 North Craig Street, 
Pittsburgh, PA, a company specializing in the commercial development of MEMS 
devices. Dr. Carley currently holds two MEMS-related patents, has authored or co- 
authored and published at least 24 papers in the MEMS area and has been the Principal 
Investigator or co-Principal Investigator on five major federally sponsored MEMS 
research programs. Dr. Carley states that, to his knowledge as en expert in the MEMS 
field, at the time of this invention, he was unaware of anyone using plasma as an etchant 
for releasing encapsulated MEMS devices, principally because of the extremely long etch 
period required when using small aspect ratio vias to introduce the etchant and to etch 
large; areas under the cap. 

The Applicant has also, in the last office action, made similar articles part of the 
record in the application. In particular, the Applicant refers the Examiner to Exhibit A 
filed with the Preliminary Amendment, dated April 30, 2002, which quotes a passage a 
book entitled Fundamentals of Microfabrication, which states that "only wet etchings can 
be used" and that, "undercutting wide areas with BHF can take hours" to remove the 
sacrificial spacer in an encapsulated MEMS device. This passage is probably the most 
important in terms of defining the conventional wisdom regarding removal of sacrificial 
layers at the time of the invention. 
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CONCLUSION 



The Applicant has modified Claim 1 by adding the limitation that the non-liquid 
etchant used be oxygen plasma, thereby traversing the Examiner's rejection of the claims 
under 35 U.S.C. § 103(a) based on the combination of MuUer, et aL, Seefeldt, et al and 
Mitchell, et al. Additionally, the Applicant has provided anecdotal evidence of the 
conventional wisdom regarding the removal of sacrificial material to release an encapsulated 
MEMS device in the form of articles and an Affidavit fi-om a recognized expert in the field, 
to overcome the Examiner's rejection under 35 U.S.C. § 103(a) based on the combination of 
MuUer and Yao. 

Accordingly, the Applicant respectfiiUy submits that the application as amended is in 
condition for immediate allowance and requests that the Examiner allow the Application at 
the earliest possible time, based on the amendments and remarks herein. 



Respectfully submitted, 




Dennis M. Carleton 
Reg. No. 40,938 
Buchanan Ingersoll, P.C. 
One Oxford Centre, 20th Floor 
Pittsburgh, PA 15219 
(412) 562-1895 

e-mail: carletondm@bipc.com 



Attorney for Applicant 



#1194307 
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ADDENDUM 

(Marked Up Claims) 

1 . (Amended) A method of fabricating a microstructure in a sealed cavity comprising the 
steps of : 

providing a substrate; 

forming a microstructure composed of a structural material on said substrate, said 

microstructure being secured to said substrate by a first layer of sacrificial material; 

forming a second layer of sacrificial material on said microstructure; 

forming a cap on said second layer of sacrificial material, said cap forming a sealed 

cavity containing said microstructure and said first and said second sacrificial 

layers[.]i 

forming one or more holes in said sealed cavity, said holes being restricted to an area 
of said sealed cavity not directly above said microstructure; 

introducing [a non-liquid etchant] oxygen plasma into said sealed cavity through said 
one or more holes using a barrel etcher, said structural material and said sacrificial 
material having a high etch rate differential with respect to said [etchant] oxygen - 
plasma , such that said sacrificial material is removed; and 
sealing said one or more holes in said sealed cavity. 
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SELECTIVE, DEEP Si TRENCH ETCfflNG WITH DIMENSIONAL 

CONTROL 

R. J. Shul, C, G. Willison, and L. Zhang 
Sandia National Laboratories, Albuquerque, New Mexico 87185-0603 

ABSTRACT 

The recent development of a high-aspect ratio Si etch (HARSE) process* has enabled the fabrication of a variety of Si 
structures where deep trench etching is necessary. The HARSE process relies on the formation of a sidewall etch inhibitor to 
prevent lateral etching of the Si structures during exposure, to an aggressive SF^/Ar plasma etch chemistry. The process 
yields highly anisotropic profiles with excellent dimensional control for high aspect ratio features. In this study. Si etch rates 
and etch selectivities to photoresist are reported as a function of chamber pressure, cathode rf-power, ICP source power, and 
gas flow. Si etch rates > 3 ^m/min with etch selectivities to resist > 75:1 were obtained. Lateral dimensional control,'etch 
selectivities to SiOj and Si3N4, and aspect ratio dependent etching (ARDE) will also be discussed. 

Keywords: high- aspect ratio silicon etching, inductively coupled plasma etching, aspect ratio dependent etching, 
dimensional control. 

1. INTRODUCTION 

Pattern transfer into Si has been very successful by both wet chemical and plasma etch techniques.^'^ However, the 
fabrication of deep, high-aspect ratio Si structures has been limited due to low etch selectivity to photoresist masks, slow'etch 
rates, or poor lateral dimensional control. For example, wet chemical etching is typically fast, often exceeding several 
MJn/min, but can be isotropic, crystallographic, and difficult to control. Reactive ion etching (RIE) of Si in either chlorine or 
fluorine based plasmas can yield anisotropic, non-crystallographic, highly directional etching but at rates typically < 0.5 
p,m/min. High-density plasma (HDP) etching including electron cyclotron resonance (ECR) etching and inductively coupled 
plasma (ICP) etching can result in. rates > 2,5 (xm/min with anisotropic profiles (at temperatures < OX) but aspect ratios that 
are typically < 10:1. Another disadvantage of RIE and HDP deep etching of Si is the low selectivity to photoresist (and thus 
the need for hard masks) due to the high ion energies necessary to achieve high etch rates and anisotropic profiles. The 
recent development of a high-aspect ratio Si etch (HARSE) process has resulted in anisotropic profiles at room temperature, 
etch rates > 3.0 |xm/min, aspect ratios > 30:1, and good dimensional control.^ Additionally, the HARSE process has shown 
etch selectivities of Si to photoresist > 75:1 thereby eliminating the process complexity of hard etch masks for features deeper 
than 100 Mm. ^ 

The HARSE process (patented by Robert Bosch GmbH)' relies on an iterative ICP-based deposition/etch cycle in 
which a polymer etch inhibitor is conformally deposited over the wafer during the deposition cycle. The polymer deposits 
over the resist mask, the exposed Si field, and along the sidewall. During the ensuing etch cycle, the polymer film is 
preferentially sputtered from the Si trenches and the top of the resist mask due to the acceleration of ions (formed in the ICP 
plasma) perpendicular to the surface of the wafer. Provided the ion scattering is relatively low, the polymer film on the 
sidewall is removed at a much slower rate, thus minimizing lateral etching of the Si. Before the sidewall polymer is 
completely removed, the deposition step is repeated and the cycle continues until the desired etch depth is obtained. In this 
study we report Si etch results 'usiiig the HARSE process as a function of pressure, cathode rf-power, ICP source power, and 
gas flow. These results are compared to Si etch results obtained in a SF^^Oj-based ICP plasma. 

2. EXPERIMENTAL 

Si wafers were patterned with AZ-4330 photoresist, which was spun on to a diickness of approximately 3.4 |iin. The Si etch 
results were obtained in a load-locked Plasma-Therm SLR 770 ICP etch system with a Plasma-Therm 2 MHz ICP source. 
Energetic ion bombardment was provided by superimposing an rf-bias (13.56 MHz) on the sample. Samples were mounted 
with a low vapor pressure thermal paste onto a 6 inch Si wafer carrier that was coated with approximately 1 \im of thermal 
SiOs to minimize loading effects. The Si wafer carrier was clamped to the cathode and cooled to 20°C with He gas. Process 
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gases were introduced through an annular region at the top of the chamber. Si etch rates were calculated from the depth of 
the etched feature measured with an Alpha Step stylus profilometer following removal of the photoresist. Samples were 
exposed to the plasma for 10 minutes and all depth measurements were taken on 20 ^m wide features in a minimum of three 
positions. Each sample was approximately 1 cm^ Selectivities were reported as the ratio of Si etch rate to resist erosion rate. 
The resist erosion rate was calculated from the depth of the resist measured with the profilometer before and after exposure to 
the plasma relative to the depth of the Si removed during the etch. Etch profile and morphology were evaluated using a 
scanning electron microscope (SEM). 

3. HARSE RESULTS 



3.1 HARSE versus ICP etch comparison 

As stated earlier, Si can be etched in an ICP SFg-based plasma at relatively high rates, however good dimensional control and 
smooth etch moq)hology can be difficult to achieve. In Figure 1, SEM micrographs show Si vias etched by (a) the HARSE 
process and (b) an ICP-generated SF^/Oj plasma. The via etched using the HARSE process was approximately 40 \}xn wide 
and etched to a depth of approximately 70 \im while the vias etched in the ICP were 50 \im wide and etched to a depth of 
approximately 150 \im. The HARSE etch conditions were 23 mTorr pressure, 100 seem SF^, 40 seem Ar, 875 W ICP source 
power 6 W cathode rf-power with a corresponding dc-bias of -25 to -50 V, and 20°C substrate temperature. The ICP etch 
conditions were 5 mTorr pressure, 50 seem SF^, 10 seem O^, 10 seem Ar, 500 W ICP source power, 250 W cathode rf-power 
with a corresponding dc-bias of -350 V, and -40°C substrate temperature. Due to the high dc-bias used m the ICP, the etch 
selectivity of Si to photoresist was typically < 2:1; therefore, a Ni mask was used to achieve etch depths > 25 ^im. The ICP 
etch rate was approximately 1 ^im/min. The HARSE process used a photoresist mask due to etch selectivities > 75:1. The 
high etch selectivity observed in the HARSE process is attributed to the deposition of the sidewall polymer etch inhibitor, 
which also deposits on the resist. Despite ion bombardment of the surface, the deposited polymer-significantly reduces the 
erosion rate of the resist. Additionally, lower dc-biases in the HARSE process (< -50 V as compared to -350 V in the ICP) 
significantly reduce the resist erosion rate. The HARSE process yielded an etch rate of approximately 2,0 ^m/min with 
highly anisotropic etch profiles, good dimensional control, and smooth etch morphologies. The sidewall polymer etch 
inhibitor deposited in the HARSE process eliminated lateral etching of the Si resulting in via widths which were essenUally 
identical at die top and bottom of the feature. However in the ICP, lateral etching of the Si wa^ observed, due to^the absence 
of a sidewall polymer resulting in poorly conti:olled via profiles. The sidewall profile was concave witii a much wider 
opening at the top of the via than that obtained at the bottom. Additionally, the sidewall was much rougher than tiiat 
achieved using the HARSE process. The lateral Si etching observed in the ICP was some\yhat surprising due to tiie low 
process pressure (2 mTorr) which reduces.ion scattering and sidewall sputtering and the Ipv^ substrate temperature (-40°C) 
whichlowersthe volatility of the etch products. y; 





(a) 



(b) 



Figure 1 SEM micrographs which show Si vias etched by (a) tiie HARSE process and (b) an ICP-generated SF^/Oi plasma. 
The via etched using tiie HARSE process was approximately 40 ^im wide and etched to a depth of approximately 70 ^im 
while tiie vias etched in tiie ICP were 50 ^im wide and etched to a depth of approximately 150 ^im. 
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3.2 Etch rates and selectivity 

In order to evaluate the HARSE process for device application, etch parameters were studied as a function of chamber ^ 
pressure, cathode rf-power, ICP source power, and SF^ flow rate. In Figure 2, Si etch rates and etch selectivity of Si to 
photoresist are shown as a function of pressure while the cathode rf-power, ICP source power, gas flows, and substrate 
temperature remained constant. Plasma conditions change quite dramatically as a function of pressure, in particular the mean • 
free path decreases, the coUisional frequency increases, and the residence time of the reactive species increases as the 
pressure is increased. This typically results in changes in both ion energy and plasma density which strongly influences 5ie 
etch properties. Si etch rates increased as the pressure was increased from 15 to 20 mTorr, suggesting a reactant limited ' 
regime at low pressures. Above 20 mToir, the Si etch rate was relatively independent of pressure. Selectivity of Si to 
photoresist was typically > 50:1 with a maximum of approximately 95:1 at 25 mTorr, Etch profile and moiphology were ' 
relatively independent of pressure. 
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Figure 2. Si etch rates and etch selectivity of Si to photoresist as a function of pressure in the HARSE process. -^^^ 

Etch characteristics normally show a strong dependence on ion energy and plasma density. Ion energies influericg;; 
the physical component of the etch whereas plasma density can affect both the physical and chemical components of tHe : ' 
process. In Figure 3, Si etch rates and etch selectivity of Si to photoresist are plotted as a function of cathode rf-power wWle 
all otiier plasma parameters were held constant. Si etch rates increased monotonically by almost a factor of 3 as the cath()de^ 
rf-power increased. Since cathode rf-power is closely related to dc-bias and ion bombardment energy, higher etch rates^at V 
higher ion energies implies more efficient bond breaking of the Si surface bonds and improved sputter desorption of the^etbh 
products (i.e. SiFJ from the surface. As the ion bombardment energy increased so did the sputtering efficiency of?the 
polymer in the Si field which was deposited during the deposition cycle of the HARSE process. Under low rf-pbwet 
conditions, the polymer may not sputter as efficiently thereby increasing the etch initiation time and reducing the Si etch 
rates. Despite faster Si etch rates, the etch selectivity decreased quite dramatically as the cathode rf-power increased due to 
faster sputter rates of the polymer and faster erosion rates of the resist. >' 

Dimensional control and etch profile were strongly dependent on cathode rf-power. Under low cathode rf-power 
conditions, the etch profile was positively tapered. At moderate cathode rf-powers, the profile was highly anisotropic. 
Finally, under high cathode rf-power conditions, the profile became re-entrant. This trend can be observed in Figures ^4 and 
5. In Figure 4, SEM micrographs show Si posts etched at (a) 8 and (b) 25 W cathode rf-power. At 8 W, the etch profile was 
highly anisotropic at an etch depth of approximately 23 ^im. At 25 W, the etch depth was approximately 30 jiiii 'and a 



254 



prominent re-entrant profile was observed. The re-entrant profile observed under high rf-power conditions was attributed to 
more ion scattering at the base of the feature and higher sputter removal rates of the polymer from the Si sidewall. 



3.5 



100 





(a) (b) 
Figure 4. SEM micrograph of Si posts etched at (a) 8 W and (b) 25 W cathode rf-power. The re-entrant profile observed at 
'25 W cathode rf-power was attributed to increased ion scattering and sputter removal of the sidewall polymer. 

In Figure 5, Si trenches 15 to 20 |im wide were etched approximately 70 ^im deep. In Figure 5a, the HARSE 
process was run at 6 W cathode rf-power for 30 minutes. The etch rate was approximately 2 ^im/min at a dc-bias of 
approximately -50 V. The trench profile showed a positive taper and significant roughness at the bottom while the sidewall 
at the top remained smooth. The rough etch morphology at the bottom of the trench was attributed to inefficient sputter 
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removal of the deposited polymer due to ineffective ion transport. In Figure 5b the standard etch was run for 20-minut« 
followed by a more aggressive etch (8W cathode rf-power and 22% longer etch cycle) for 5 minutes and then completed whh 
the standard process for another 5 minutes. The etch was approximately 15 (im deeper than the single step etch with an etch 
rate of approxmiately 2.5 fim/min. The etch was highly anisotropic with a slight foot at the base of the sidewall and a smooth 
sidewall morphology throughout the feature. At higher rf-power, the increased ion bombardment energy improved the 
sputter removal of the deposited polymer from the bottom of the trench and allowed chemical etching at the base of the Si 
trench. Therefore it is critical to optimize the sputter removal rate of the polymer from the base of the feature 
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a) 





b) 





Figure 5. SEM micrograph of Si etched with a) single step HARSE process (6W cathode rf-power) and b) a/three^step 
process with an aggressive step (8W cathode rf-power) to increase the sputter desorption at th^ ' 



As a function of increasing plasma density or ICP source power, etch rates typically increase du^ tb^ ifiti^ 
concentrations of reactive species which increases the chemical component of the etch mechanism and 2) hi^er ion flux 
which increases the sputter desdrption component of the etch mechanism. The effects of ion energies and plasma ^dedsities 
are more obvious for HDP systems, since ion energies and plasma densities can be more effectively decoupled 4s compared 
to RIE. In Figure 6, the Si etch rates increased by approximately 30% as the ICP source power increasedr^' The/etch 
selectivity data was less consistent ranging from approximately 55:1 to 90:1. The low selectivity observed at 8()0 W ICP 
source power is not understood. Etch profiles were slighdy re-entrant and rough under low ICP source power conditions. 

Si etch rates are also expected to increase with higher SFg flow rates due to the strong chemical component of the Si 
etch mechanism and higher concentrations of reactive F. In Figure 7, Si etch rates and selectivity to photoresist are plotted as 
a function of SFg flow rate. Si etch rates increased as the SF^ flow rate increased from 60 to 120 seem implying, a reactant 
limited etch regime at low flow rates. However at 150 seem SFg the etch rate decreased significanUy indicating,a diffusion 
linuted regime. The etch selectivity was quite low (< 50:1) except at 80 seem where the selectivity was >120:1. Etch profile 
and morphology were essentially independent of SF^ flow rates. 
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Figiire 6. Si etch rates and etch selectivity of Si to photoresist as a function of ICP source power for the HARSE process. 
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Figure 7. Si etch rates and etch selectivity of Si to photoresist as a function of SF^ flow rate for the HARSE process. 



33 Aspect rati dependent etching (ARDE) 

The observation that smaller diameter vias and narrower trenches etch more slowly than larger diameter vias and wider 
trenches is often referred to as aspect ratio dependent etching (ARDE) or RIE lag.'' An example of ARDE is shown in Figure 
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8 for 1 and 3.5 mn wide benches. The etch depth for the 1 m trenches was approximately 7.5 m while the 3 5 um trenche. 
were e ched to a depth of approximately 9.5 m- The difference in etch depth's attributed to LspoToircla^Ts^nd ^l 
products into and out of the trenches.^ As lateral dimensions decrease or the etch depths increase it becomes morrdffi^^^^^ 
for the reactive etch species to reach the bottom of the trench and more difficult for eteh producTto bTrerveT Ayo^^^^^^^^ 
coworkers have observed improved ARDE effects for the HARSE process under high SF, flows condiUons^Tey atSSutS 
this observation to a reduction in etch product species that contribute to redeposition « onaiuons. iney attributed 




Figure 8. SEM micrograph of Si HARSE etch which demonstrates ARDE. Hie 1 ^m wide trenches were etched to an 
approxmiate depth of7.5^mwhUe the 3.5 um trenches were etched toadepth of approxLtely9.5n!!i 

In Figure 9, Si etch depths are plotted as a function of via diameter for the HARSE process (23 mTorr oressure 100 

minute plasma exposure times. As expected, the etch depths increased as a function of time. Also, as the via d aLete^ 
increased from 10 to 300 ^m. the etch depth typically increased independent of etch time. TOs was ^uted to imXS 
Th Sh / "? T *1 '^'^ °^ *^ •"'^^^^d- Above 300 Hm vfa c^^Tter tSe 
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Figure 9. Si etch depths plotted as a function of via diameter for 30, 60, and 90 minute HARSE etch times. 




3.4 Etch selectivities 

Selective etching of one material over another is critical in the fabrication of microelectronic and photonic devices to 
accurately stop on defined layers for subsequent processing steps, for example the formation of ohmic and gate contacts. For 
high aspect-ratio silicon structures, selective etching is important in the fabrication of membrane-based devices where the 
etch process must stop on a thin film layer typically < 1 |im thick. Etch selectivities of Si to several films exposed to the 
HARSE process are shown in Table 1. HARSE etch conditions were 23 mTorr pressure, 100 seem SFg, 40 seem Ar, 850 W 
ICP source power, 8W cathode rf-power with a corresponding dc-bias of -25 to -50 V, and 20°C substrate temperature. As 
mentioned earlier, the high etch selectivity of Si to photoresist simplifies the process sequence for deep high-aspect ratio 
features by eliminating the need for hard masks. The high etch selectivities of Si to either SiOj or Si3N4, makes them 
excellent candidates for the membrane-based structures including flexural plate wave (FPW) devices and micromachined 
yalves, pumps, and heaters. 



Material 


Etch Rate (A/min) 


Selectivity to Si 


Si- * 


25,000 




Polysilicon 


5334 


4.7:1 


LPCVDSi^Ni 


295 


85:1 


LPCVDSiOj 


90 


275:1 


Thermal SiO^ 


90 


275:1 


Photoresist 


250 


100:1 



Table 1. 



HARSE etch rates and selectivity to Si. 



i ? : A schematic diagram of a membrane-based device is shown in Figure 10. Initially, a thermal SiOj or low stress low 
■ pressure chemical vapor deposition (LPCVD) Si3N4 fihn is deposited on the frontside of the wafer. All frontside processing 
; (metallization, etch, etc.) is completed and protected with photoresist. The Si via etch mask is then applied using a thick 
photoresist (AZ 4903) and aligned to the frontside membrane features using backside alignment techniques. The wafer is 
then exposed to the HARSE process (where 400 to 650 [im of Si is removed) and etched to the SiOj or Si3N4 membrane 
which is typically < 1 p,m thick. The results of this process sequence are demonstrated in Figure 11. The SEM micrograph 
' shows a 400 |im wide Si via etched to a depth of approximately 685 |xm at an etch rate of 3.5 p-m/min. Due to the high etch 
• selectivity of Si to SiOz (see Table 1), the etch essentially stops on the thermal SiOz layer which was 0.6 \im thick. The via 
was highly anisotropic and maintained the dimensions of the mask, however the side wall morphology was somewhat rough 
due to vertical striations and a slight Si foot was observed at the base of the sidewall. Ayon and co-workers have also 
observed a foot at the base of many of their features.^ Altering the deposition cycle of the HARSE process, they have been 
able to significantly reduce the foot dimesions. The features observed at the bottom of the via in Figure Ua were frontside 
V metal features which could be seen through the transparent thermal Si02 film. 



Membrane 



Si Wafer 



Protective 
Photoresist layer 




Etched Via 




Figure 10. Schematic of a membrane based device with a HARSE via, a thin film membrane, frontside metal lines, and a 
protective photoresist layer. 
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(a) ' (b) -f^'^ 

Figure 11. SEM micrographs of a Si via HARSE etched to a depth of approximately 685 ^lm to a thin thermal SiO, lavil" 
which acts as an etch stop. The via diameter was approximately 400 jun. «=™di aiuj lay^^ 

5. CONCLUSIONS ,..,^|{ 

Etch rates ranging from 1 to 3.5 jim/min with highly anisotropic profiles and smooth etch morphologies'werS 
demonstrated for several HARSE process conditions. Si etch rates, profiles, dimensional control, and momhSes we S 
strongly dependent on cathode rf-power. As the cathode rf-power or ion energy increased, the etch rateTcreasS due o ' 

Zl'tS nf JT^ ''T'^ 1 r''"^'"' ""'^ """^ "^^^"8 °f Si bok. and more efSt spmt & V 

desorption of the eteh products from the surface. Under low cathode rf-power conditions the etch profile was poSely $v, 
tapered due to mefficient sputter removal of the polymer; became highly anisotropic at moderate cathode rf-power and was 
re-entrant under high catfiode rf-power conditions due to ion scattering and sputter removal of the polymer from theW'^ 
sidewall. Si etch charactenstics were much less dependent on chamber pressure, ICP source power, and SF, flow rate Wii 
HARSE process operated at room temperature and showed etch selectivities of Si to resist > 75:1 thus eliminating the rifely'' , 
Z^Zt T H '"'.n^li'" K^' '° ^'^^ 275:1 and to Si3N, were 85:1 thus enabling the fabricatioA'of^:'' 
membrane-based devices. ARDE was observed for small vias and trenches but was less significant for large features (> 300* ' 

■ ■ ■ ' 
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ABSTRACT 



A high perfonnance silicon dry etch process (STS Advanced Silicon Etch ASE) xvhich in many cases is a benefioalre- 
nlacment for the usual anisotropic wet etch methods like KOH etching is presented. During febncation of Miao-Electro- 
Mechanical Systems (MEMS) the patterning of silicon is an essential step. Conventional wet or dry etchmg processes used 
•up to now cannot meet the majority of future MEMS patterning needs. TTie process described m this paper allo>^ a wide 
':^inge of possible geometries and freedom of design and mask layout for novel MEMS applications. The mstalled etch 
■ is^orking with an mductively coupled plasma source (ICP) which produces high plasma densities at low pressure 
• tb addeve deep silicon etching (> 200 >mi) with high etch rates up to 5 pMrnin and a high passivation layer selectivity^ 
ThefeASE process uses only fluorine based chemistry and operates at room tonperature. ASE mes photoresists and 
silic^-bxii layers as an etch passivation and aUows the manufecturing of sUicm structures with n^ly vertical side walls 
ii bilk and surfece micromachining Ulustrated by several MEMS applications carried out at the Fraunhofer Institute for 
Solid Sikte Technology. With depths up to 100 Mm realized at the institute now and an excellent anisotropic profile control 

• ASE^is obviously the tool, usefiil from device deyelopment to volume production of microsystems. 

keywords: ASE process, deep Si etching, micromachining, microfebrication tool, MEMS application 

1. INTRODUCTION 

%it«iiemistiy using alkaline etchants depends upon the crystal orientation of the substrate and therefore m a fixed 
anis^opy and aspect ratio. This leads to a small freedom of design and in some cases to high consumption of chip space. 
: Additionilyit is necessary to use a bi-mask process prior to the wet etching. This causes a complex^rocess flow and fliu^ 
. Kigh'cdks: The ever present compatibility problem with CMOS technology restricts the use of wrt etch sdutions. The dry 

• etdWSg^bf silicon using a standard capacitively coupled RIE plasma is only usefid for shallow, low aspert ratio rtchmg 
•hi«e is however an increasing tendency to opt for high density low pressure JIDLP) systems like oneS^ce 
technology Systems Inc. has commercialized for the Advanced SUicon Etch (ASE) process developed by Robert Bosch 
GmbHi using an Inductive Coupled Plasma aCP) system. A schematic of the STS ICP is shown m Figure 3. 



2. THE ASE PROCESS TOOL 

2.1 etch process steps 

. Due to tiie limits of the above mentioned techniques and to meet the goals for the majority of MEMS etch applications, 
STS^Has made an early investment in developing the ASE (Advanced Silicon Etch), which now provides a muque 
proc«sing capabiUty. This process is based on the technique invented by Larmer and Schilp and uses a variant of the 
sidewall 'issivation technique. In this case the passivation is deliberately segregated by usmg sequentially altematmg 
etdiing and dq)osition steps . 



Part of thP RpiE Conference on MicromachinrnQ a nd Microfabrication Process Technology IV 
Eanta Clar q. California • September 1998 
SPlEVol. 3511 •0277-786X/98/$10.00 



97 



provide accurate control of L ani^y ^ '^'^'^ *^ and deposition can be balanced to 

During the deposition step, the precursor gas is dissociated at fir^ k„ a« »i . ^- • 

passivating layer is deposited on Resurface of thLH^^f.^^^^ *° ^^^^ '^^^'^^ «P«='^- A 

process schematicairiT^e p^h^tSua^^ if oS^^^^ nPF ^r'- "^'^^ ' '""'^ ^^E 

techniques generating reacteSfihnsliSsiS^ ' ' " *° "^'^ "'"^^ P^*^»'°» 

^^^^^ 



a; 






(g) 




\ / 




Sdewall Polymeric 




Passivation (nCF2) 





Figure 1: ASE process deposition step 



Figure 2 : ASE process etch step 



2.2 Etch equipment 

chamber, and a load lock with a cassette system. Focesses of SiOj, S13N4 and SiC, a dealer 

helium bad=side,«JmgT«»,S tt. f™p^,L?jl^ eqmppri md> m«t«^o.l ctoptog »d 



t 




Figures: SchematicofSTS ICP system 



||tch rates for silicon and passivation materials 

' of this process is best illustrated by considering a number of MEMS applications febricated at the histitute. 

The typical performance of this process is summarized in table 1 and illustrated through the micrographs in figures 5 to 



Etch Rate 


1.5 to 3.0 pm/min 


Etch Depth Capability 


2 to 100 Mm 


Selectivity to Resist 


.50 to 100:1 


Uniformity A\^fer 


±2.5 to 5% 


T Selectivity to SiOz 


120 to 200:1 


Feature size 


1 to > 500 Jim 


^ Aspect Ratio 


; up to 30 


Sidewall Profile 


89 ±1" 



Tablel : Selected data ofthepresrait used STSASE process 



2.4 Interdependence between etch rat^ and geometrical openings 

One field of investigation during test and evaluation of the ASE process was the interdependence (figure 4) between the 
given geometry of the mask layer and the resulting etch depths. Figure 5 shows a typical etch rate behaviour of different 
structure widths v^iiich are closely together. Of course this is not a special ASE problem but the differences have to be 
taken into account during design, development for and processing a certain device. 
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{ Etch rate vs^ structure width 




etch rate [%] 



structure width [pm] 
Figure 4: Etchrate versus pattern width 



Figures: SEMviewof etchrate behaviour vs. geometry 



3, APPLICATIONS 

^:sSm^Tj^^ P^^^ microstructuring of a membrane leads to different 





Figure 6: Micrograph of a paddle- monbrane test structure 



Figure 7: Parts of the microswitch 
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3.1 Micro switch 



Microrelays are one of the most promising future micromachined devices due to a growing need for high speed switching 
relays e.g. in automatic test equipment or communication devices. Becaiise of fabrication simplicity and low power 
consumption electrostatic actuation is preferrable. There are two possibilities for the motion of a cantilever beam: A 
vertical and a lateral switch ^ . The flat capacitor is an often used configuration for electrostatic actuators. The generated 
forces depend among others on the area of the plate. For microrelay application it is crucial to achieve large forces \^ich 
cause large contact pressures. Therefore relatively large plates are necessary to get a reasonable relay design. With a deep 
silicon etchmg process (ASE) it is possible to stfucture(figure 7) high aspect ratio beams or plates normal to the wafer 
plane. Fig.8 shows a 30|im deep cantilever beam and the fixed electrode on the opposite side. ■ , 




; Figure 8: ASE released 
cantilever beam 



Figure 9: Lateral microrelay 



Contect tips are structured on the free end of the beam. They increase the contact pressure M^ich is advantageous to 
provide a mechanical abrasion of surfece fihns and therefore achieve a low contact resistance with low contact noise. The 
shape of the contacts can be freely designed. 

To prevent short circuiting a physical contact of the actuating electrodes must be avoided. In Fig.8 bumpers are used to 
hold the cantilever beam back. In the closed state the bumpers come in contact with the device of impact and a further 
deflection of the cantilever electrode is prevented. 

A bounce free operation of the electrostatic lateral microrelay is observed with a switching time of about 30^s. ^ 




Figure 10: Lateral microrelay with a large contact gap and detail of the beam tip, microrelay design with return spring ^ 

The lateral motion switches are febricated by surfece micromachining with a deep silicon etching (ASE) process. The 
combination witii SOI-wafers (silicon on insulator) as the substrate material makes a simple febrication process possible 
which only aflfords two mask layers. 

First an adhesion layer (TiW) and gold (Au) is sputtered. Next the metallisation layers are structured to form contact pads 
and strip conductors. The deep silicon etching process patterns the cantilever the bumpers and tiie contacts. After 
time limited etching of the sacrificial SiOj-layer only the beams are released \rfiereas the other structures are still attached 
to the substrate. The high stififoess of tiie beams allows this wet etching without a sticking of the beams after the drying ^ 
period. 



3.2 Microfluidic components > 

Microchannels are vital parts of our recently introduced integrated microanalytical (VIMAS) and drug^ielivery 
(MEDOS) systems. One of the goals was the miniaturization and standardisation of these modular built devices. I 

t. 

An excellent anisotropic profile, a high aspect ratio and freedom of design and mask layout has allowed a wide range of 
usefiil geometries for microfluidic components.like the one shown in figures 1 1 and 12. A pyrex wafer is bonded to the ' 
microchannel array to protect it during handling (figure 13). Since the ASE process uses standard photoresist as an etch 
mask it is possible to get a simple and cost reducing process flow for volume production. 



was shown that microchannels can be applied for precise flow control ' which in practice is mainly limited by 
iledmolc^ical problems concerning the febrication of very narrow channels. Therefore the development of a new 
^-febrication process using an optimized ASE will be started as a next step. 





^l^e^l l VIMAS microchannel Figure 12: Detailed view from fig. 8 Figure 13: cross section of pyrex-siUcon 

^Itherfuture dosing and flow-control systems can be envisaged ^ich combine micro-fluid channels, pressure and 
llemp^ature sensors and data aquisition febricated with the help of an ASE system. 



■133 Silicon micromachined sensors 

|- SiDI based capacitance sensors as accel^ometers and angular rate sensors are more and more of mterest m automotive 
I'applications like safety systems. Fabricating methods are under development to cope with the new chaUenges in this field. 
4 IDoingythis anisotropy is the most critical parameter to be controlled during the etching of close proximity high aspect ratio 
f/ structures such as these sensors. After etching the sensor structures, they need to be 'released' by removing the under - 
I laying oxide film. Figure 14 shows plates with a gap of 2jun and an etch depth of 30 The etdi process stops at the 
' :biuied oxide:of the device wafer. In Figure 15 the essential parts of the device structure can be seen. 




Figure 14: Micrograph of silicon plates with a gap 
of 2fun.(detail from figure 15) 
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Figure 15: Test structure for 

displacement sensors 



1 ..4 " y 



3.4 Vias and Through Wafer Via Holes 



Vias between chip layers in vertically integrated circuits (VIC) and through holes for embedded interconnects ^ or^as'an 
fluid channel are another application using the ASE process. To etch via holes through a pre-processed wafen-for 
interconnections with another device layer(e.g. sensing elements) needs high etch rates to reduce processing time and 
costs. But there is always a profile/etch rate trade off wliich means one has to cwnpromise due to anisotropy. The princii)Ie 
leading to a vertical integration of microelectronic circuits' is shown in figure 16. This CMOS compatible interchip via 
(ICV) concept allows the formation of multiple wafer stacks. ^ ' 



Bottom-Wafer 



Inter-Oiip-Via, d = 2.„5 pm 





5 pm 
5-30 pm 



680 pm 



i ■ 



Figure 16: Principle of a vertical integrated circuit 
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4. CONCLUSIONS 



Serveral MEMS projects realized with the assistance of the ASE etch process have been described .We pointed out the 
design freedom allowed by this new etch tool for the febrication of the introduced microcomponents and decives. At 
present, efiforts are directed towards optimization of the discussed process. In conclusion, it remains to be stated that the 
use of the ASE process is attractive for a large variety of applications and an important extension of existing 
microfebrication technologies. 
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In all I have been Principal Investigator or Co-PI on Federal Research Funding: for MEMS 
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over $12M over an 8 year period: 

Defense Advanced Research Projects Agency (DARPA), "Silicon Micro-Disk Arrays for Data 
Storage," Principal Investigator, 1 June 1994-31 Jan. 1998, $938,403. 

Defense Advanced Research Projects Agency (DARPA), "Foundations of Microelectromechanical 
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